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Purpose: Abdominal aortic aneurysms are characterized bydegradation ofthe extracellular 
matrix, induction of endogenous metalloproteinases (MMPs), and development of a 
chronic inflammatory infiltrate. Despite intensive analysis of end-stage tissue, aneurysm 
pathogenesis remains obscure. The aim of this study was to develop an in vitro model of 
aneurysmal disease. 
Methods: Porcine aortic organ cultures were preincubated with pancreatic elastase before 
culture in standard conditions for up to 14 days. The extent of matrix degradation at 
various time points was determined by quantitative histologic estimation of collagen and 
elastin concentration. Endogenous metalloproteinase production within the tissue was 
quantified by gel enzymography and immunoblotting. A separate series of experiments was 
performed to investigate he effect of incorporating autologous leukocytes into the culture 
system. 
Results: Although exogenous elastase was removed after 24 hours, substantial degradation 
of the aortic extracellular matrix occurred in the subsequent 13 days in tissue culture. 
Analysis of samples preincubated with elastase (100 U/ml) for 24 hours before tissue 
culture demonstrated that elastin degradation occurred in a time-dependent manner 
(p < 0.001) and was not confined to the initial phase of exogenous elastase activity. Gelatin 
gel enzymography revealed a time-related production of metalloproteinases (55 to 250 
kDa) within the aortic tissue. The presence of MMPs-1, 2, 3, and 9 was determined by 
immtmoblotting. Immtmohistochemistry identified the vascular smooth-muscle c ll as the 
source of MMPs-1, 2, and 3. Addition of autogenous leukocytes to elastase-pretreated 
tissue initiated an inflammatory infiltrate within the aortic wall, which further enhanced 
both matrix degradation and MMP production (p < 0.001). 
Conclusions: These data demonstrate hat aortic samples pretreated with elastase before 
tissue culture undergo matrix degradation with MMP production and the development of 
an inflammatory infiltrate. These changes mirror the pathophysiological events within 
established aneurysms. It is suggested that this model may be useflfl in understanding early 
pathogenic events within aneurysmal tissue. (J Vasc Surg 1996;24:667-79.) 
Abdominal aortic aneurysms (AAAs) are charac- 
terized by a marked remodeling of the aortic wall 
resulting in a reduction in elastin 1-3 and smooth- 
muscle cell concentration, 4 with an increase in col- 
lagen ~,6 and microfibrillar proteins. 7 All abdominal 
aneurysms also have a ubiquitous inflammatory infil- 
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trate consisting o fT  cells, B cells, and macrophages. 8 
Destruction of the arterial wall during aneurysm 
formation has been ascribed to enhanced proteolytic 
mechanisms. Cohen et al.9,m reported high levels of 
systemic neutrophil elastase in patients with aneurys- 
mal disease and demonstrated that this trend was not 
reversed by surgical repair of the aneurysm. H In 
addition, numerous investigators have documented 
increased matrix metalloproteinase (MMP) produc- 
tion within the arterial wall, particularly interstitial 
collagenase (MMP-1), stromo]ysin 1 (MMP-3), and 
gelatinase B (MMP-9). 12-14 These enzymes may be 
produced both by the native mesenchymal elements 15
and by inflammatory cells in the aneurysm wall. 16 
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Despite the success in characterizing the molecu- 
lar and pathologic haracteristics of established ab- 
dominal aortic aneurysms, relatively little progress has 
been made in determining the initiating etiologic 
factors in this disease. Most studies investigating 
aneurysm pathogenesis have used established aneu- 
rysmal tissue. By definition, this material represents 
the end stage of a pathologic process, and it may be 
difficult o differentiate causative factors from second- 
ary degenerative changes. Arterial samples from pa- 
tients with preaneurysmal changes are not easily 
obtained, and this problem has necessitated the use of 
alternative strategies to study early pathogenic events. 
One possible solution to this problem is to use an 
animal model. Unfortunately, most models rely on 
artificial hemodynamic manipulations 17 or genetic 
mutations, is which are not analogous to human 
disease. However, Anidjar et al)9 recently described 
that a solution of elastase, when infused into an 
isolated segment of rat aorta, was capable of inducing 
delayed aneurysm formation. These experimental 
ancurysms exhibited a marked inflammatory infil- 
trate 2° and expressed high levels ofmetalloproteinases 
in a time-dependent mannerY This model appeared 
to be more representative of human disease, but it still 
remains difficult to isolate individual cellular interac- 
tions with in vivo techniques. 
The principal aim of this study was to develop an 
in vitro model of aneurysmal disease. In this model 
isolated aortic tissue was maintained in organ culture 
after pretreatment with serine proteinases, and the 
subsequent histologic, pathologic, and physiological 
changes were quantified. The arterial organ culture 
system facilitates the study of isolated cellular inter- 
actions and allows individual parameters within the 
culture system to be modified. These studies revealed 
that pretreatment of cultured porcine aortic segments 
with exogenous elastase resulted in degradation ofthe 
extracellular matrix, production of endogenous met- 
alloproteinases, and initiation of an inflammatory 
response. 
METHODS 
Arterial organ culture 
Porcine thoracic aortas were provided by Dawkins 
International Ltd (Nuneaton, U.K.). Under sterile 
conditions fat and loose adventitial tissue were re- 
moved. Segments of aorta 1 cm 2 were  excised and 
pinned, intimal surface uppermost, onto a polyester 
gauze support resting on sylgard resin (Dow Corn- 
ing, Seneffe, Belgium) in the base ofa 6-cm glass Petri 
dish (Fisons, Loughborough, U.K.). Samples were 
denuded of endothelium and cultured for 14 days in 
standard medium (7 ml) containing 5% fetal calf 
serum (Sera Lab, Crawley, U.K.), which was changed 
after 24 hours and then every 48 hours. 22 
Experimental protocols 
Relation between elastase concentration and 
matrix degradation. Porcine aortic segments were 
preincubated in culture medium supplemented with 
porcine pancreatic elastase (Calbiochem, Notting- 
ham, U.K.) for 24 hours. After this period the aortic 
samples were washed and cultured in standard con- 
ditions for a further 13 days. Three concentrations of 
clastase (1, 10, and 100 U/ml) were investigated in
parallel cultures of segments from an individual aorta. 
The experiment was performed for nine separate 
aortas. The extent of degradation within the extracel- 
lular matrix was determined by stereologic analysis. 
Time course of  elastase-induced matrix degra- 
dation. Aortic segments were exposed to elastase- 
supplemented medium (100 U/ml) for 24 hours, 
after which time the elastase-containing medium was 
replaced by standard culture medium. Paired elastase- 
treated and control aortic segments from seven sepa- 
rate aortas were cultured for periods of 1,4, 9, and 14 
days. Changes in composition of the extracellular 
matrix and production of endogenous metallopro- 
teinases were determined. 
Preparation of paraffin sections. After the 
samples were fixed in formalin, they were dehydrated 
in 99% industrial mcthylated spirit (Sigma, Poole, 
U.K.), transferred into xylene (Sigma) for 4 hours, 
and embedded inparaffin wax. Sections (4 ~tm) were 
stained with both hematoxylin-eosin a d Miller's 
elastin and van Gieson's tain.2S Immunohistochemi- 
cal analysis of MMP production used paraffin sections 
(4 ~tm) stained for MMPs-1, 2, and 3 with specific 
monoclonal antibodies (Oncogene Science, Paris, 
France) in a 1:10 dilution and an avidin-biotin- 
complex horseradish pcroxidase t chnique.24 Nonim- 
mune rabbit serum (1 : 100) was included as a control 
sample. 
Stereologic tissue analysis. The relative concen- 
trations ofelastin, collagen, and smooth-muscle c lls 
in the extracellular matrix were dctcrmined by stereo- 
l og ic  analysis.  4'2s Aortic sections tained with Miller's 
elastin and van Gieson's stain wcrc viewed at 400x 
magnification with an Olympus microscope incorpo- 
rating an eyepiece graticule with a 100-point test grid 
(Graticules Ltd, Kent, U.K.). One hundred test 
points were then analyzed with test points hitting 
black indicating elastin, points hitting yellow indicat- 
ing smooth-muscle cells, and points hitting pink 
indicating collagen. After analysis was performed, the 
JOURNAL OF VASCULAR SURGERY 
Volume 24, Number 4 Wills et al. 669 
relative volume fraction of each component was 
calculated. To maintain aconstant frame of reference 
throughout all experiments, the adventitial aspect of 
the media was point counted with eight randomized 
fields quantified for each sample. Stereologic tissue 
analysis reflects the ability of the tissue to tal<e up 
histologic stain, and thus measures of collagen, elas- 
tin, and smooth-muscle c lls reflect changes in the 
relative concentrations of each of these elements 
rather than changes in protein content. 
Previous experiments determined the interob- 
server limits of agreement for the volume fraction of 
elastin to be -5.1% to +6.3% and the intraobserver 
range of agreement to be -3.1% to +3.6%. No 
apparent bias was present in either interobserver o
intraobserver measurements. 26 
Gel enzymography. Metalloproteinases were ex- 
tracted from frozen tissue with the method of Vine 
and Powcll. 12 Tissue was thawed over ice, diced into 
1 mm 2 pieces, and homogenized in buffer (urea 
2 mol/L, 50 mmol/L Tris, pH 7.6, NaC1 137 
mmol/L, ethylenediamine tetraacetic acid 1 gm/L, 
Brij-35 1 ml/L, PMSF 0.1 mmol/L - Sigma). The 
homogenate was centrifuged at 10,000 g for 1 hour at 
4 ° C, and the resulting supernatant was then dialyzed 
(12 to 14 kDa) against 25 mmol/L Tris, pH 8.5, 
containing 10 mmol/L CaCI, 0.1% Brij 35, 0.1 
mmol/L PMSF for 12 hours at 4 ° C. The protein 
concentration i  each sample was determined by the 
method of Bradford 27 and was normalized to 0.9 
mg/ml by dilution with phosphate-buffered saline 
solution. 
Substrate gels were prepared by incorporating 
gelatin (1 mg/ml, Sigma) into a 10% SDS-polyacryl- 
amide gel. Fifteen microlitcrs of tissue extract plus an 
equal volume of nonreducing sample buffer were 
loaded onto the gel. A positive control (media condi- 
tioned by HT-1080 human fibrosarcoma cells, 
ECACC No 85111505) and molecular weight stan- 
dards (Novex, San Diego, Calif.) were also loaded, 
and electrophoresis was performed at 60 mA for 
4 hours at 4 ° C with the Mini-Protean II system (Bio- 
Rad, Hemel Hempstead, U.K.). After electrophoresis 
was performed, the gel was washed three times in 
2.5% Triton X-100 (Sigma), incubated in buffer (50 
mmol/L Tris, pH 7.4, CaC12 10 mmol/L, Brij 0.05% 
- Sigma) for 18 hours, and stained in 0.1% Coomassie 
Blue R250 dissolved in a solution of 50% methanol, 
20% acetic acid, and 30% double-distilled water. 
Immunoblotting. Tissue extracts were fraction- 
ated on a 10% SDS-polyacrylamide g l and trans- 
ferred to nitrocellulose membrane (Hybond ECL, 
Amersham, U.K.) in the Mini-Transblot apparatus 
(Bio-Rad) with 110 mA for 14 hours. The membrane 
was blocked for 1 hour in 20 mmol/L Tris, pH 7.4, 
137 mmol/L NaC1, 0.1% Tween 20 and 5% (wt/vol) 
nonfat milk powder (Fisons), washed twice, and 
incubated with a 1:1000 dilution of a mouse mono- 
clonal antibody specific for either MMP-1, 2, 3, or 9 
(Oncogene Science) for 1 hour at room temperature 
in blocking buffer. The membrane was then washed 
three times and incubated with a 1:2000 dilution of 
a horseradish peroxidase-labeled antimouse antibody 
(Amersham Ltd, Amersham, U.K.) for 30 minutes at 
room temperature. After three final washes were 
performed, antibody binding was visualized with the 
ECL system (Amersham Ltd.) according to the 
manufacturer's protocol. 
Leukocyte-aorta coculture. Leukocytes were in- 
corporated into the culture system in a separate series 
of experiments. Whole heparinized autologous blood 
was collected at the time of aortic harvest. Lympho- 
cytes were prepared by gradient centrifugation (15 ml 
blood: 10 ml MEM, 800g, 40 minutes, 22 ° C, Lym- 
phoprep-Nycomed, Oslo, Norway) and resuspended 
in complete culture medium with 10% fetal calf 
serum.28  
Aortic samples were prepared for organ culture as 
before. After 24 hours the culture medium (standard 
or elastase-supplemented) was replaced with medium 
containing autologous white cells at a concentration 
of 5 x 106 cells/ml and 10% fetal calf serum. Samples 
were incubated for a further 48 hours, at which time 
the leukocyte-enriched medium was replaced with 
standard culture medium. 
The effect of the initial elastase concentration (1, 
10, or 100 U/ml) on subsequent morphologic and 
inflammatory changes was studied in parallel cultures 
from seven separate aortas. The time course of matrix 
degradation and MMP production was likewise stud- 
ied in samples (n = 7) cultured for 3, 5, 10, and 14 
days. 
Histologic analysis of leukocyte infiltration. 
Aortic samples were mounted onto cork blocks by 
embedding in Tissue-Tek OCT (Miles Scientific, 
Naperville, Ill.), and freezing with isopcntanc 
(Sigma) in liquid nitrogen. Sections 5 gm thick were 
stained for the presence of porcine macrophages, T 
cells, and B cells with specific monoclonal antibodies 
(donated by Dr. M. Bailey, University of Bristol) in 
a 1:100 dilution and an alkaline phosphatase de- 
tection system. 
Statistical analysis. Results are presented as me- 
dian values with interquartile ranges. Discrete groups 
of continuous variables were compared with the 
Mann Whitney test. Variability within data sets was 
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Fig. 1. Graph illustrating elastin ([]), collagen (~), and smooth-muscle cell (B) con entration 
in freshly fixed aorta, aorta cultured for 14 days without any elastase, and in aortas cultured for 
14 days that were preincubatcd with pancreatic elastase at concentration of 1,10, and 100 U/ml 
for 24 hours. Values are medians with interquartile ranges. 
assessed by the Kruskal Wallis one-way analysis of 
variance, and results varying with time were compared 
with a two-way analysis of variance. Significance was 
assumed at the 95% confidence l vel. All statistical 
analyses were performed with the Minitab 8.1 statis- 
tical programme (Minitab Inc, Pa.). 
RESULTS 
Dose-dependent elastase-induced degradation 
of the extracellular matrix. The appearances of 
freshly fixed porcine aortic tissue were unchanged by 
organ culture, and stereologic analysis demonstrated 
that the concentration of elastin, collagen, and 
smooth-muscle c lls within the extracellular matrix 
did not vary within the individual aortas tudied or 
between freshly fixed samples and tissue that had been 
cultured for 14 days. 
Aortic segments cultured after a 24-hour prein- 
cubation with elastase exhibited dose-dependent 
changes in the concentration f components in the 
extracellular matrix (Fig. 1). Concentrations of 
elastase of 1 U/ml produced no variation from 
control tissue, whereas concentrations of 100 U/ml 
resulted in elastin degradation, a reduction in 
smooth-muscle c ll concentration, and  increase in 
the volume fraction of collagen (all p < 0.0001). 
Pretreatment with elastase at 10 U/ml caused a lesser 
degree of matrix degradation. 
Time course of elastase-induced matrix degra- 
dation. The histologic appearance of aortic samples 
cultured for up to 14 days after a 24-hour preincuba- 
tion with elastase (100 U/ml) is illustrated in Fig. 2. 
Fragmentation of the medial elastic lamellae was 
observed after 24 hours in elastase-supplemented 
culture. However, despite washing and replacement 
of the elastase-containing medium after the initial 
exposure, the lamellar fragmentation became increas- 
ingly severe as culture progressed. After 14 days in 
culture much of the aortic wall was devoid of elastin 
stain and contained only collagen. There was a no- 
ticeable gradation i the extent ofelastin degradation, 
which decreased from luminal to adventitial surfaces. 
Stereologic analysis confirmed that aortas pre- 
treated with elastase showed marked egradation of
the extracellular matrix when cultured in the absence 
of exogenous elastase (Fig. 3). The volume fraction 
changes in elastin, collagen, and smooth-muscle lls 
(allp < 0.0001) were clearly not confined to the initial 
phase of the experiment, when the pancreatic elastase 
could be expected to be active. The changes in matrix 
composition were still marked at the termination of 
culture, and in fact significant changes occurred in the 
relative concentrations of all three elements between 
9 and 14 days (allp < 0.001). 
Elastase-dependent production of endogenous 
metalloproteinases. The time course of the matrix 
changes in the culture model suggested that elastin 
degradation was not purely attributable to exog- 
enously administered lastase, which was present only 
for the first 24 hours of culture. Gelatin enzymogra- 
phy demonstrated production of MMPs within 
elastase-pretreated cultures compared with control 
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Fig. 2. Light micrographs illustrating control (a) and elastase (i00 U/ml)-pretreated aortic 
samples stained with Miller's elastin and van Gieson's stain after 24 hours (b),4 days (c), 9 days 
(d), and 14 days (e) of organ culture. Original magnification x40. 
samples (Fig. 4). Fresh aortic tissue demonstrated 
lyric bands at-55 kDa and -70 kDa, whereas elastase- 
treated samples demonstrated a progressive increase 
in gelatinolytic activity at -55 kDa and -70 kDa 
(doublet), with the time-dependent appearance of 
proteolytic bands at -90 kDa and at -250 kDa. In 
addition to the major gelatinolytic bands, several 
minor bands were identified throughout the gel, and 
the intensity of these bands also increased with 
prolonged culture. 
Immunoblotting with specific monoclonal anti- 
bodies demonstrated immunoreactivity of a 55-kDa 
protein with anti-MMP-1 antibodies (Fig. 5), a 70 
kDa doublet with MMP-2 antibody (data not 
shown), and a 90 and 250 kDa protein reacting with 
an antibody to MMP-9 (data not shown). Immuno- 
blotting for MMP-3 demonstrated a high molecular 
weight complex also at 250 kDa. 
Immunohistochemical analysis localized MMP-i,  
2, and 3 production to smooth-muscle c lls within the 
JOURNAL OF VASCULAR SURGERY 
672 Wills et aL October 1996 
60 
50 
e-  
.o 40 
~ 3o 
0 
e,, 
o 2O 
0 
r -  
~ lO 
o i i i i i i i 
2 4 6 8 10 12 14 
Day 
e-  
._o 
O 
c- 
O 
O 
O IE 
q) 
e-  
.o 
O 
c -  
O 
O 
t -  
O 
m 
o 
80 
70 
60 
50 
40 
30 
20 
0 2 4 6 8 10 12 14 
Day 
5O 
30 : ~  
20 
10 
O i i i I i 
0 2 4 6 8 10 12 14 
Day 
Fig. 3. Graph illustrating relative change in concentration f clastin, collagen, and smooth- 
muscle cells between two groups of aortic organ cultures, one preincubated with pancreatic 
elastase ( 100 U/ml) for 24 hours (elastase - - - - [ ]  ) and one cultured in standard conditions 
(control - - -© ..... )  Values arc medians with interquartile ranges. 
aortic media. The antibody to MMP-9 was not 
suitable for use on paraffin sections. 
Leukocyte-aorta cocultures 
Elastase dependent generation of  an inflamma- 
tory infiltrate. Aortic samples were cocultured with 
autologous leukocytes to introduce an inflammatory 
component into the model. Control aortic sections 
cultured in the absence ofelastase exhibited no white 
cells within the tissue. By marked contrast, samples 
cultured with leukocytes after pretreatment with 100 
U /ml  elastase demonstrated the development of a 
widespread inflammatory infiltrate composed of 
B leukocytes, T leukocytcs, and macrophages (Fig. 6). 
The inflammatory infiltrate appeared after 3 days of 
culture and remained constant throughout the cul- 
ture period. 
Enhanced matrix degradation in leukocyte 
cocultures. Control aortic samples cultured with 
leukocytes exhibited no variation in elasrin concert- 
tration throughout the experiment. Aortic-leukocyte 
cocultures preincubated with a short pulsc ofelastase 
demonstrated a time-dependent degradation of the 
extracellular matrix (Fig. 7). Again, the change in 
relative matrix composition was not confined to the 
initial 24 hours of culture when the exogenous 
elastase was active. It is interesting that the most rapid 
phase of loss of elastin staining occurred after 3 days, 
when the leukocyte infiltrate became stablished. 
At all time points the elastase-treated cocultures 
demonstrated significantly enhanced reduction in 
clastin concentration (p < 0.0001) when compared 
with samples cultured in the absence of leukocy~es 
(Figs. 3 and 7). 
Enhanced MMP production in leukocyte co- 
cultures. Gel enzymography from elastase-treated 
coculturcs demonstrated time-dependent production 
of MMPs at -55  kDa, -70 kDa (doublet), -90 kDa 
(doublet), -140 kDa, and -250 kDa (Fig. 8). The 
lyric zones were much more intense than those 
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Fig. 4. Photographofgelatin-substratezymogramcomparingelastase-pretreated(elastase)and 
control aortic samples (control) after 1, 4, 9, and 14 days in organ culture. Equal quantities of 
protein were loaded into each lane. 
Fig. 5. Photograph ofWestern blotto MMP-l in elastase pretreated and control samples af~er 
4, 9, and 14 days in tissue culture. 
demonstrated in the control group, and activity 
increased with time. Immunoblotting demonstrated 
the same protein bands as reported previously with 
the addition ofimmunoreactivity to MMP-9 at -140 
kDa and as a -90 kDa doublet. 
Protein-standardized tissue extracts from elastase- 
treated cultures in the presence and absence of  leu- 
kocytes were compared for gelatinolytic activity after 
14 days in organ culture. All major lyric zones were 
more intense in the leukocyte-treated group, and in 
addition a doublet at -90 kDa was identified only in 
the leukocyte cocultures (Fig. 9). 
DISCUSSION 
Sumner et al. 1 were the first to document deficien- 
cies of elastin in aneurysmal tissue, and numerous 
subsequent s udies have confirmed marked segmental 
elastin depletion. 2,3,7,29,3° Collagen is the principal 
component of the adventitia of any abdominal aortic 
aneurysm regardless of size, and Minion et al.s dem- 
onstrated a fivefold increase in collagen content in 
aneurysmal aortas. The changes in elastin and col- 
lagen concentration are accompanied by a reduction 
in the number of medial smooth-muscle c lls 4 and an 
increase in microfibrillar proteins. 7 
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Fig. 6. Light micrograph illustrating i flammatory infil- 
trate in aortic segment preincubated with elastase and 
autologous leukocytes after 14 days in culture. Original 
magnification x200. 
Any model of aneurysmal disease must reflect 
these changes in extracellular matrix composition. 
Recently Anidjar et al. a9 investigated the effect of an 
infusion of pancreatic elastase into an isolated seg- 
ment of rat aorta. It was demonstrated that the 
elastase infusion was able to stimulate aneurysm 
formation in a dose-dependent manner and that the 
ancurysms were characterized bya loss of elastic tissue 
within the arterial wall. Subsequently Anidjar et al. 2° 
observed that the size of experimentally induced 
aneurysms correlated with the degree of white cell 
infiltration, whereas Halpern et al.21 demonstrated 
that elastase-induced aneurysm formation was ac- 
companied by production of endogenous metallo- 
proteinases. 
The aim of this investigation was to develop an in 
vitro model ofaneurysmal disease. The organ culture 
technique allowed the arterial microenvironment to 
bc manipulated, while individual cell types were 
studied within the intact vessel wall. Porcine aorta was 
used because of the similarity to human tissue in 
respect of the number of elastic lamellae and the 
relative proportions ofelastin, collagen, and smooth- 
muscle cells in the arterial media. 3~,32 All cultures wcrc 
performed with sample denuded of endothelium to 
remove the possible confounding effects of neointi- 
mal proliferation on subsequent metalloproteinase 
detection, s3
In the initial experiments of this investigation 
segments of porcine aorta were cultured for 13 days 
after a 24-hour preincubation with one of three 
concentrations of porcine pancreatic elastase. Stereo- 
logic analysis of samples cultured in standard (i.e., no 
elastase) conditions demonstrated that no significant 
variability was present in the composition of the 
extracellular matrix within individual porcine aortas 
and more important that culturing aortic tissue for 14 
days did not affect the volume fractions of elastin, 
collagen, or smooth-muscle c lls within the aortic 
media. Aortic segments pretreated with elastase dem- 
onstrated egradation ofthe extracellular matrix in a 
dose-dependent fashion, similar to the changes de- 
scribed in the rat elastase infusion model.19 The most 
significant changes were observed after preincubation 
of the tissue was performed with elastase at a concen- 
tration of 100 U/ml.  Pretreatment with this concen- 
tration of elastase resulted in gross fragmentation f 
the elastic lamellae and severe degradation of the 
extracellular matrix with a reduction in elastin and 
smooth-muscle cell concentration accompanying a 
compensatory increase in the volume fraction of 
collagen, which may be due to a reduction in elastin 
stain and a decrease in smooth-muscle c ll concen- 
tration. 
To further investigate these effects aortic seg- 
ments were cultured for varying times after preincu- 
bation was performed with 100 U /ml  elastase. Light 
microscopic examination revealed that the elastic 
lamellae were fragmented within 24 hours of elastase 
exposure but that changes continued over the course 
of the experiment. Stereologic analysis confirmed 
time-dependent changes in the concentration felas- 
tin, collagen, and smooth-muscle c lls over the 14- 
day culture period. It is interesting that the degrada- 
tion of the extracellular matrix was not confined to the 
initial culture period, in which the exogenous elastase 
would be expected to be active but appeared to 
progress at a constant rate throughout the culture. 
These results suggested the subsequent proteolytic 
changes may have been related to endogenous pro- 
teinase production within the arterial wall. 
Gelatin enzymography confirmed that elastase- 
pretreated tissue produced a range ofmetalloenzymcs 
in a time-dependent manner. After tissue was exposed 
to exogenous elastase, major lyric bands were identi- 
fied at -55 kDa, -70 kDa (doublet), -90 kDa, and 
-250 kDa. Immunoblotting analysis uggested that 
the lyric bands could be attributed to MMP-1 at 55 
kDa, the latent and activated forms of MMP-2 at 70 
kDa, and various forms of inactive MMP-9 at 90 and 
250 kDa. MMP-3 was also identified in a high 
molecular weight complex at 250 kDa. High molecu- 
lar weight complexes of MMP-9 have previously been 
demonstrated in assays of human plasma obtained 
under nonreduced conditions, but the reasons for 
complex formation remain obscure. 34 The produc- 
tion of MMPs within the control group was increased 
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Fig. 7. Graph illustrating relative change in concentration f elastin, collagen, and smooth- 
muscle cells between two groups of aortic samples cultured in presence ofautologous leukocytes, 
one preincubated with pancreatic elastase (100 U/ml) for 24 hours (elastase + ly- - - - I I  ) 
and one cultured in standard conditions (control + ly - (2) ). Values are medians with 
interquartile ranges. 
during tissue culture but not to the levels demon- 
strated in samples preincubated with elastase. Immu- 
nohistochemical nalysis confirmed that the treat- 
ment of arterial cultures with exogenous elastase 
resulted in the production of MMPs-1, 2, and 3, 
which were localized to the vascular smooth-muscle 
cells within the arterial media. Galis et al. 1~ have 
previously demonstrated that smooth-muscle cells 
may secrete awide range of MMPs when stimulated 
with various cytokines. 
Endogenous proteinase production in aneurys- 
mal disease was initially described by Busuttil et al.35 
and Cannon and Read. 36 Numerous studies 12 14,29 
have proved that the elastases involved in aneurysmal 
tissue are members of the metalloproteinase family. In 
1994 two major studies by Newman et al. 13,14  revealed 
a complex group of proteinolytic activities within 
aneurysmal tissue, which included the active isoform 
of MMP-9. Vine and Powel112 demonstrated consid- 
erable MMP-1 and MMP-3 activity in aneurysmal 
aortas, whereas Irizarry et al. a7 revealed that abdomi- 
nal aortic aneurysm extracts contained increased 
amounts of material immunoreactive to MMP-1. 
Stromelysin-1 (MMP-3) has been implicated in the 
destruction of the aortic matrix during aneurysm 
formation both directly 3s'a9 and through indirect 
activation of MMPs-1 and 9. 40 The results of investi- 
gation into metalloproteinase activity within the aor- 
tic wall suggest hat MMPs 1, 2, 3, and 9 are 
significantly elevated in aneurysmal tissue. 
It is interesting that in the rat elastase infusion 
model 2°'2~ exogenous elastase stimulated production 
ofproteinases between 50 and 90 kDa. The mecha- 
nism of elastase-induced MMP production in this 
study has not been elucidated. However, one poten- 
tial pathway may involve the generation of el~fstin- 
derived peptides during elastase-driven hydrolysis of 
insoluble elastin. These peptides have a variety of 
biologic effects and in particular have been demon- 
strated to cause release of elastolytic enzymes from 
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Fig. 8. Photograph of gelatin-substrate zymogram comparing elastase-pretreated (Elastase + 
Ly) and control aortic samples (Control) cocultured with autologous leukocytes after 3, 5, 10, 
and 14 days in organ culture. 
vascular smooth-muscle c lls. 4~ Generation ofelastin- 
derived peptides during initial elastase xposure may 
thus induce MMP secretion, in turn liberating more 
elastin-derived peptides and initiating apositive feed- 
back loop. 
Abdominal aortic aneurysms are typically charac- 
terized by a marked chronic inflammatory infiltrate of 
varying intensity throughout the aortic wall, s'13'42'43 
although it is unknown whether this is a primary 
etiologic event or a response to matrix degradation. 
The inflammatory response appears to be central to 
aneurysm pathogenesis, and an attempt was therefore 
made to incorporate an inflammatory infiltrate into 
the organ culture system. Control aortic samples 
cocultured with autologous leukocytes for 14 days 
demonstrated no evidence of an inflammatory eac- 
tion. In marked contrast, after a 24-hour preincuba- 
tion with 100 U /ml  of elastase, samples cultured in 
the presence ofleukocytes demonstrated awidespread 
inflammatory infiltrate consisting of T cells, B cells, 
and macrophages. These findings suggested that an 
initial exposure to exogenous elastase was essential to 
allow white cell infiltration into the tissue. 
The reasons for leukocyte infiltration into elastase- 
pretreated organ cultures are not clear, but there 
appear to be two plausible hypotheses. First, exog- 
enous elastase may simply be acting to facilitate 
leukocyte ntry into the tissue by breaking down 
mechanical tissue barriers. The second hypothesis 
based on the fact that elastin-derived peptides would 
be generated after exogenous elastase was applied to 
the arterial organ culture. Elastin-derived peptides are 
chemotactic for leukocytes ~'4s and would thus attract 
a white cell infiltrate into the tissue. 
It is interesting that the addition ofleukocytes to
the arterial culture in the absence of elastase did not 
result in any demonstrable matrix degradation. This 
finding was at variance with the findings ofKatsuda et 
al., 46 who demonstrated that diced aortic explants 
could be partially degraded by a leukemic ell line 
secreting MMP-9. In this study a leukocyte suspen- 
sion was incapable of degrading intact arterial tissue. 
However, after preincubation was performed with 
elastase, arterial-leukocyte cocultures demonstrated 
severe matrix degradation with virtual elimination of 
all discernible lastin. Stereologic analysis revealed 
that matrix degradation initiated by exogenous 
elastase was significantly enhanced by addition of 
leukocytes to the culture system. The most dramatic 
changes in all major components of the extracellular 
matrix occurred after 3 days in culture, which coin- 
cided with establishment of the leukocyte infiltrate, 
and a causal relationship between macrophage migra- 
tion into the tissue and matrix degradation seems 
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Fig. 9. Photograph of gelatin-substrate zymogram comparing elastase-pretreatcd aortic seg- 
ments in presence (Elastase + Ly) and absence (Elastase) ofautologous leukocytes after 14 days 
in organ culture. 
likely. The relationship between macrophage infiltra- 
tion and elastolysis has previously been established in
an animal model by Anidjar et al.20 and in human 
tissue by Vine and Powell. 12 
Gel enzymography demonstrated enhanced 
MMP production in elastasc-pretreated l ukocyte 
cocultures compared with a control group. Again, 
several major lyric bands were identified at -55 kDa, 
-70 kDa (doublet), -90 kDa (doublet), -140 kDa, 
and -250 kDa, which probably represented MMP-1 
(55 kDa), the active and latent forms of MMP-2 (70 
kDa), the active and latent forms ofMMP-9 (90 kDa), 
and higher molecular weight complexes of MMP-9 at 
140 and 250 kDa and MMP 3 at 250 kDa. The 
elastase-prctreated l ukocyte cocultures exhibited a 
strong band of activated MMP-9, which was absent in 
elastase-exposed samples cultured in the absence of 
autologous white cells. This was a potentially signifi- 
cant finding, because macrophages have been impli- 
cated as the source of active MMP-9 in human 
tissue. 47 Comparison ofelastolytic activity in protein- 
standardized homogenates demonstrated that 
elastase-pretreated leukocyte cocultures exhibited a 
higher level and wider range of MMP secretion than 
did samples cultured with elastase alone. 
Recently there has been increased attention in the 
potential importance of the white cell response in 
aneurysmal disease. 4~ Components of the inflamma- 
tory infiltrate have the potential to secrete all the 
MMPs responsible for extracellular matrix degrada- 
tion, and there appears to be a correlation between 
elastolytic activity and the presence of white cell 
infiltration. 12 Shapiro et al. 16 have demonstrated that 
as monocytes differentiate into macrophages, gene 
expression for a variety of MMPs including MMP-1, 
MMP-3, and MMP-9 increased dramatically. A recent 
immunohistochemical study revealed that infiltrating 
inflammatory ceils, specifically the CD14 + macro- 
phage, were responsible for the delivery of two of the 
MMPs present in aneurysmal tissue, namely MMP-3 
and MMP-9. 47 
In addition to the direct destruction of the extra- 
cellular matrix by MMP secretion, the infiltrating 
macrophages and lymphocytes may bc important in 
activating resident mesenchymal cells is through cy- 
tokinetic ontrol mechanisms. A number ofcytoldnes 
have been shown to be significantly increased in 
homogenates and explants from the aneurysmal or- 
tic wall, 48-s° and several studies have demonstrated 
that cytokines derived from the inflammatory infil- 
trate may influence the expression of MMPs at the 
transcriptional level, sl 
This study has demonstrated that a brief pulse of 
exogenous elastase was able to induce metalloprotein- 
ase production and to stimulate matrix degradation 
within isolated aortic organ cultures. Addition of 
autologous leukocytes to the elastase-treated tissue 
resulted in the development of an inflammatory 
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infiltrate within the tissue and further enhancement of 
metalloproteinase secretion. The mechanism of these 
changes is not clear, but elastase hydrolysis of the 
arterial wall may release elastin-derived peptides, 
which have the potential to induce MMP secretion 
from mesenchymal cells and may also act as a 
chemoattractant for white cells. This finding may have 
important implications for aneurysm pathogenesis, 
because vidence of higher neutrophil elastase con- 
centrations has been found in patients with aneurys- 
mal disease. 1° Further experiments will be required to 
elucidate the precise mechanism of action and also to 
further characterize the changes that occur within the 
elastase-treated issue. However, this in vitro model 
offers considerable promise in further investigations 
of the cellular biology related to aneurysm pathogen- 
esis, although the model cannot be regarded as 
analagous to human aneurysmal disease because of 
the lack of an atherosclerotic component. 
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